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ABSTRACT 

Results of hot wira measur.-’ients in an incoii*>rea- 
sible jet issuing from an array of rectangular lobes, 
equally spaced with their small dimensions in a line, 
both as a free jet, and as a confined jet, are pre- 
sented, Hie quantities measured include mean %->locity 
and the Reynolds stress in the two central planes of 
the jet at stations covering up to 115 widths (small 
dimension of the lobe) downstream of the nozzle exit. 
Measurements are carried out in three parts r a) on a 
single rectangular free jet, b) on the same jet in a 
multiple free jet configuration, c) on the same jet in 
a multiple jet configuration with confininq surfaces 
(two parallel plates are symmetrically placed perpen- 
dicular to long dimension of each lobe covering the 
entire flow field under consideration). In the case 
of a multiple free jet, the flow field for downstream 
distance x greater than COD (D * width of a lobe) resem- 
bles that of a jet exiting from a two-dimensional noz- 
zle with its short dimension being the long dimension 
of the lobe. The field of turbulence is found to be 
nearly isotropic in the plane containing the small di- 
mension of the lobes for x greater than COD. In the 
>.ase of a confined multiple jet, the flow field is ob- 
served to be nearly homogeneous and isotropic for X 
greater than 60D. 

NOMENCLATURE 

AR « Aspect ratio (L/D) 

D “ Width (small dimension) of the lobe 
L *t Length (long dimension) of the lobe 
Lj * Spacing between the plates 
S *» Spacing between the lobes 
U * Mean velocity component in the X-direction 

U e « Mean velocity component along the centerline of 
the jet in the x-direction 

U 0 » Mean velocity component in the exit plane of the 
jet in the x-direction 

Ug « Mean velocity component of the secondary flow in 
the x-direction. 
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u ” Fluctuation velocity component In the X- 
dlrection 

u ■ rms velocity fluctuations in the X- 

direction 

u * /u 2 /U c (normalised rms velocity fluctuation in 
the X-direction) 

V » Mean velocity component in the Y-direction 

v rms ** * rms velocity fluctuation in the Y-direction 

v » /vVu c (normalised rms velocity fluctuation in 
the Y-direction) 

W * Mean velocity component in the ^-direction 
w * Fluctuation velocity component in the z-dlrecti>n 
w rms * ^ w2 * rm8 v ei° c:4 -by fluctuation in the Z-directle i 

w ** /C^/V c (normalized rms velocity fluctuation in 
Z-direction) 

uv 

— * components of the turbulent shear stress tensor 
(?R 

X ■ Coordinate along the jet axis 

Y * Coordinate along the small dimension of the 

lobe 

Y. « Local half width of the U profile along the 
Y axis 

z * Coordinate along the long dimension of the lobe 
2^ * Local half width of U profile along the Z-axis 
T\ m Y/X 

f, » z/x 

INTRODUCTION 

Multiple jets are used in a wide variety of engi- 
neering applications, for example, thrust augmenting 
ejectors for VTOL/STOL aircraft. The configuration of 
interest here is an array of rectangular lobes in a 
line as shown in Figure 1. Very few investigations 
have been reported in the literature regarding the 
structure and development of multiple jets, in particu- 
lar the present configuration. Early work on this sub- 
ject was done by Corrisin (1) who studied the flow 
from seven parallel s-ofc nozzles in a common wall with 
emphasis on flow stabilization methods. Laurence and 
Benninghoff (2), and Laurence (3) studied the flow ema- 
nating from four rectangular lobes. Most of the em- 
phasis in these studies was placed on finding a noise 
reducing mechanism rather than on the detailed struc- 
ture of the flow field. The gross characteristics of 


1 


I 


J 



Fl<! . 1 Model and Definitions 

the f li*w field fmjn.it inn from rrrttnwUr lobe* in 
line was recently reported t>y Ntrttcr* (4). The flow 
em.in.it inn from .1 eerie# of closely spaced h>'les in 
line Ms been st-idied exi -r latent al 1 y- bv Knystautax (SI. 
Overall aerodynamic studios have been made by Aiken (6) 
on an elector with multiple rectangular lobes with 
various spacing to width ratios ami nozzle dimensions. 
In all the studies mentioned above, most of the mea- 
surements were made on mean flow rather than on the 
detailed turbulence strurtuie. The purpose of the 
present p..per is to present and discuss the results of 
experiments with a multiple let oonf igurat ton and thus 
add to the understanding of its fluid mech. 1 nic. 1 l struc- 
ture. The data also provide numerical analysts with a 
basis on which a computat ional model can Is* built. 

The experimi-nt.il Investigation presented here consti- 
tutes a part of a larger programme on turbulent mixing 
of multiple rectangular lets being studied at Stanford. 

The character 1st ics of the flow field depend upon 
the aspect ratio of the l«be, inlet geometry of each 
lobe, the type of exit velocity profile for each lobe, 
the magnitude of t hi- turbulence intensity at the exit 
Diane of each lobe, the Neynold « number at the lobe 
exit, spacing between the lobes, configuration of con- 
fining surfaces and condition of the ambient medium 
into which the let is issuing. In the present investi- 
gation, a lobe of aspect ratio 16.7 was chosen. The 
spacing is- tween the lobes was rtp (D being the small di- 
mension of the lobe) These parameters were chosen to 
be consistent with toe nozzle used by Aiken (6) In- 
let geometry of the nozzle was designed specifically 
to obtain a min. mum turbulence level at the exit plane. 
The velocity profile at the exit plane of each lobe 
was flat with a laminar boundary layer at the walls 
A mean velocity of f>tt m/s was mairt lined at the exit 
plane of each lobe. Tills results In a Keynolds num!s*r 
of 1..’ * in'* based on the width of the lobe. TV- par- 
allel plates of ion widths long were symmetrically 
placed perpendicular to the long dimension of the lobe 
as shown in Figure 1. The spacing between the plates 
can be adjusted between 1.2L to 1.71. (1, being the long 
dimension of the lobe!. 


Measurements wore made using hot-wire anemometry. 
They Include the mean velocities and turbulent inten- 
sities for the three components of velocity and the 
turbulent shear streases 37 and 30 (see rigure 1). 

Most of the detailed measurements were made in the 
two perpendicular central planes of the center lobe. 

APPARA1VS, I N ST HI IMFNTAT I OH AND PNOCTDt’ltF 

A blow down air supply system was used to provide 
the airflow to a cylindrical settling chamber whose 
dimensions are 1.75 m long and 0.6 m in diameter . The 
facility is designed to provide sonic conditions at 
the exit plane of the nozzle for other experiments. 
Before reaching the nozzle, air ,-Msses through an 
adapter which contains six screen*, set 5 cm apart to 
reduce disturbances at the inlet of the nozzle. The 
ratio of areas between the adapter ami the nozzle is 
<*0, which is exceptionally large when o- mpared with 
the contraction ratio for conventional wind tunnels. 
The turbulence level at the exit of *he nozzle was 
about 0. J% at 60 m/sec. The long (I) and short (D) 
dimensions of the rectangular lobe exit ate 50 mm and 
J mm respect ively. The spacinq (S) between the lobes 
is 24 pwi. Radi lobe exit Is preceded by a 40 mm long 
rectangular (50 mm * 1 mm) channel. The spacing f *.| ) 
between the plates can Is- varied from 6 cm to B.5 cm 
(see Figure 1). The exper lmentai facility and tl*o 
mxiel are described in detail by Krothapalli (7). 

Tlie exit velocity of the let was maintained to an ac- 
curacy better than one percent. 

Mea yements were made with PISA 55M01 constant 
temperature anemometers In conlunction with D1SA 55DIO 
1 inear izers. Most of the meaxurementx wore made using 
either an -t-wire or a single wire. These wires were 
manufactured oy PtSA and constructs!, from 5 urn plati- 
num coated tungsten wire with an active lenqth of 1.2 
mm. When X-probos wore used, each of the attenuators 
on the linearizers was adjusted to give the Hame out-- 
put for each wire when the probe was perfectly aligned 
with the stream. The yaw sensitivity of each wire was 
then checked. The simple cosine law was used to de- 
compose the velocities. From the calibration, the use 
of an x-wire probe in turbulent flows was found to be 
limited to situations where the anqular rotation of 
the velocity vector does not exceed * 25°. The re- 
sponse of the hot wire was assumed linear and no cor- 
rections resulting from higher order terms were ap- 
pl led. 

The signals were then passed throuqh t**> DISA 
type 55D31 digital voltameters, DISA 55D35 rms units, 
and TS! model 1076 voltameters to get the moan and rms 
values. The integration times on these instruments 
can be selected in discrete steps from 0.1 sec to 100 
sec. Measurements of correlations were made using an 
HP 3712 A correlator. For most of the results pre- 
sented random errors were estimated to bi of the order 
of 2 3 percent, and a systematic error in the axial 

componr.il of velocity (due to cosine law decoxgxtxi- 
tlon) of approximately 5 percent was present. 

A Cartesian coordinate system (x.y.z) is chosen 
with its origin located at the center of the center 
lobe as shown in Figure 1, with the x axis oriented 
along the centerline of the jet. Hot wire traverses 
were made in the two central x.y and x.z planes at 
various Btro.imwlse (x) locations covering up to 115D. 
Unless otherwise stated, all the data presented here 
were taken with the x-wire probe. The experiment was 
conducted in three parts. In the first pait, measure- 
ments were made on t he center lobe with all the other 
1 olios blocked. In the second part, measurements were 
made on the center lob*- with all five lobes blowinq. 

In the third part, measurements were again made on the 
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center lobe with all five lobe* blowing end with con- 
fining surfaces in piece. Moet of the measurements 
in ell the three ceeee were mad* on the two centrel 
plenee of ‘■he center lobe. Keen velocity meaaura- 
■ante were made across the center three jets in order 
to eeteblieh the symmetry of the flow about their cen- 
trel plenee i however » only the date for each half 
plane of the center lobe will be presented. 

RESULTS AND DISCUSSION 


General reaturee of the Flow Field 


On the basis of the present investigation and 
the results reported by Sforza et «l. (8) (9) , Sfeir 
(10) (li) , and those summarised by Rajatstnai* (12) , 
the flow field of a rectangular free jet way be repre- 
sented schematically as shown in Figure 2. Also 
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Fig. 2 Schematic Representation of Flow Field of a 
Rectangular Free Jet 

shown in the figure (as an insert) is the variation 
of fn(U c ,/U 0 ) 2 with SnX/D. The three regions, as 
shown in the figure, may be classified as follows t 
the first region is referred to as a potential core 
region in which the axial velocity is constant? the 
second region denoted by ab, in which the velocity de- 
cays at a rate roughly the same as that of a planar 
jet, will be referred to as the two-dimensional re- 
gion; and the third region downstream of B» in which 
the velocity decays at nearly the same rate as that 
of an axispmmetric jet will be referred to as an axi- 
symmetric region. The two-dimensional type region 
originates at about the location where the two shear 
layers in the X, Y plane (containing the short dimen- 
sion of the nozzle) meet, correspondingly, one may 
expect the axisymmetric region to originate, at a loca- 
tion where the two shear layers in the X,2 plane (con- 
taining the long dimension of the nozzle) would meet. 

Profiles of the mean axial velocity in the X,Y 
and X.Z planes at three different locations are shown 
in the schematic of flow structure in Figure 2. In 
regions I and II, the width of the jet in the X,2 
plane is greater, as expected, than the width in the 
X,Y plane. At B the widths in both planes are about 
the same. In region III the width in the X,Y plane 
becomes larger than that in the X,Z plane. 

The solid and dashed lines shown in the flow 
schematic depict the loci of maximum turbulent 
stresses in the two planes being considered. De- 
tailed discussion of the flow structure with sup- 
porting measurements is given by Krothapalli et a*. 
(13) . 


A schematic of the flow field of a multiple rec- 
tangular free jet is shown in F?nu* , e t. Mean velocity 
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Fig, 3 Schematic Representation of Flow Field of a 
Multiple Free Jet 

profiles in the two central planes for the center 
three lobes are shown in the figure. For the configu- 
ration tested <s v hd, AR * lft. 7) , the flow from each 
lobe does not exhibit any mutual interaction for X 
less than ISO. complete merging of the jets (i.e. , 
individual jets lose their identity) is observed for 
X equal tu 60D, as indicated by a flat velocity pro- 
file across the lobes. The mean velocity profile in 
the central X.Z plane at different downstream loca- 
tions exhibits characteristics similar to that of a 
single free jet. The shaded region is an attempt to 
show the pseudo-potential core region, after which the 
jet acts like a single two-dimensional jet with its 
minor axis being along the Z-axis. 

The confined multiple jet configuration under con- 
sideration is Bhown in Figure 1. The leading edges cf 
the plates are rounded with no fairing added as Bhown 
in the fiqure. The separation distance bp between the 
plates can be varied from 6 cm to 8.5 cm. For bp less 
than 7.5 cm (bp < 1.5b) low frequency disturbances 
(characteristic time greater than 1 sec) are found and 
mean axial velocity profiles (averaging time equal to 
1 sec) in the central X,Y plane are found to be asym- 
metrical about their axes. For bp greater than or 
equal to 7,5 cm (bp 2 1.5b), fewer low frequencies 
were present, and the profiles look very much similar 
to that of a multiple free jet with some secondary 
flow induced between the jets. Most of the measure- 
ments described hereinafter are for the case of a sep- 
aration distance of 7.5 cm. 

The profiles in the central X,Z plane show marked 
differences when compared with a multiple free jet con- 
figuration, and a schematic of this flow field is 
shown in Figure 4. The profiles are plotted to scale. 
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Fig, 4 Schematic of Axial Mean Velocity profiles in 
the X , Z Plane of a Multiple Confined Jet 
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The Mtml IImi In Ih* figure roit**|>onit to « |'»»*lo- 
pc’ential port wI»m# the Wt acts Ilk* « iliwl* jet 
ls#w also Ftguie )). Th# amt of thta pseudo- 
potential cor* occurs at X equal to 60p mr X 
great#! than 600. tha mean velocity pro ’.#« »r* al- 
most flat acroaa tha j#t. Thta observat t >n along 
with previous discussion (ragar<tlng prof! laa tn tha 
X,V plana) suggest that tha a*an velocity for X 
graatar than non la hraaoqanat ga. 

M»a n Velocitie s 

Naan axial valoctty profilaa, for tha case of 
multiple frea lata, in tha central X.Y plana for tha 
center thraa toliaa at vartoua downs* i earn location* 
iMi’rrlng up to X equal to 6f>D ara nhown in Plqura *. 

At th« salt plana, top h»* profilaa with equal magni- 
tiktaa ara fot.nd with vary llttla secondary flow be- 
twaan tha lata. Significant merging of tha lata 




Plq. 6 Schileten Picture of a Multiple Free Jet 



Fig. S Axial Moan Velocity Profilaa Acroaa tha 
Center Thraa Jat a 

first seam* to occur at a location of about 18P. Hie 
flat profile establishes that complete mixing of the 
lets has occurred at a location of approximately 600. 
Velocity profile* ara observed to be flat across the 
center three lobes for locations of 600 < X j USD, 

For the configuration (S • HP, Al< • 16.7) 
studied, a significant region exists .*heie the mean 
velocity profiles of tha individual lers behave quite 
independently of each other. However, measurements 
for the ease of two unvent Hated parallel lets, such 
as tha ones studied by Millar and Cummings (14), show 
a subatmospher i<- pressure region between tha lets 
near tha norrle exit and tha two lets attract each 
other. To farther examine this phenomenon, a short 
time exposure (A ns) schlieren picture was taken of 
tha three center lobes and is shown in Figure 6. 

Hare, it is observed that tha individual lets do not 
attract each other and mix with ambient air quite in- 
dependently. The large scale structure which usually 
appears in the transition region of a let can be seen 
in this picture (refer to Krothapalli (7) for details). 


Me tn velocity profiles, for the case of multiple 
confined lets, are observed to Ira vary similar to tha 
ones shewn in Figure S at their corresponding loca- 
tions, except in this case, close to tha let axil, a 
noticeable amount of secondary flow la induced between 
t he jets. The ratio of t), (secondary flow velocity) 
to l) (exit velocity) is about O.Ort at the exit plane 
Of the noccle. 

The decav of the square of the srean axial veloc- 
ity with downstream distance foi the three cases la 
si-irwn in Figure 7. The three regions noted in Figure 
2 are identified as the potential core region which 
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Fig. 7 The Decay of the Axial Mean Velocity Along 
the Centerline of the Jet 

ends at Ip - 4D, the two-dimensional let type region 
extending up to 60P, and the axisymmetric let type re- 
gion extending beyond 600. The decay for the case of 
a multiple flee jet iB almost Identical to a single 
free jet up to X equal to 40P. For X greater than 4JD 
the decay 1s slower as shown in the figure. The decay 
for the case of the multiple confined jet is almost 
Identical to that of a multiple free jet. Judging 
from thin it seems that the effect of the confining 
■.urfaces on the centerline velocity of the jet Is min- 
imal . 

The normal 1 red mean velocity profiles in the X,Y 
plane for the center let from V • 0 to Y • 4D (midway 
between the two adjacent lobes) are shown in Figure R 
for the three cases. The profiles upstream of the 
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Fig, B Axial Mean Velocity Profile# in the X»Y Plano 

merginq region ate identical for the cases or a sin- 
qlo let and the multiple free jet aa depicted by the 
profiles at X equal to ADD. A nearly flat profile is 
observed at 60B. Most of the profiles for the ease 
of the multiple confined let, for x less than 40D, 
have magnitudes less then those of the single and mul- 
tiple free jets, when compared at their corresponding 
locations, Hie secondary flow induced between the 
jets is first noticed in the profile at X equal to 
10D. For X greater than or equal to (<0n, profiles 
for the multiple free jet and multiple confined jet 
are almost identical, as shown in the figure, and the 
mean velocity is uniform across the lobes. 

Tito normalized mean velocity profiles in the cen- 
tral x,K plane for the case of the multiple free let 
are shown in Figure ‘1 for various downstream loca- 
tions. For X less than or equal to 40f>, the profiles 
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pig. 9 Axial Mean Velocity Profiles in the X»3 Plane 
Of a Multiple Free Jet 


exhibit a saddle shape with a maximum appearing near 
the centerline, and are identical to that of a single 
free jet when compared at their corresponding loca- 
tions. profiles for X greater than 490 in the multi- 
ple free jet case are broader than that of a single 
jet at their corresponding locations. To further ex- 
amine this, the growth rate in the X,K plane of the 
center jet in both the single and multiple free jet 
configurations are plotted with downstream distance 
in Figure 10. The growth rate in the X»Y plane for a 
single jet Is also included in the figure {¥*, and Kj, 
are the distances from the centerline of the jet to a 
location where the mean velocity is half of the cen- 
terline velocity along V and S axes respectively) . 
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Fig. 10 The Growth of the Jet. with Pownstream 
nlitanee 

As one exj'ects from the above discussion, the growth 
rate of the let in the x,z plane for both esses is al- 
most identical up to x equal to 40D, For x greater 
than 400, the growth rate in the multiple jet configu- 
ration is greater than that of a single jet. From 
these observation* it may be concluded that, for the 
spacing studied, the mutual interaction between the 
jets is strongly felt at about x equal to 4QP, while 
significant merging of the jets in the central X,Y 
plane occurs at X equal to 2QD, 

The normalised mean velocity profiles in the X»Z 
plane for the case of a confined multiple jet ate 
shown in Figure 11. The abscissa z is normalised with 
respect to the lobe width D, while as before the mean 
velocity is normalized with respect to the centerline 
mean velocity at the corresponding location. The fig- 
ure also indicates the position of the plate. For X 
leas than or equal to 400, the profiles exhibit tt sad- 
dle shape. For locations X greater than or equal to 



Fig, 11 Axial Mean Velocity Profiles in the X,Z Plane 
of a Confined Multiple Jet 

600 , the profiles are more nearly uniform across the 
jet, and have a local minimum as shown in the figure. 
These profiles along with the profiles in the central 
X, Y plane (see Figure 8) for X greater than 60D suggest 
that the mean flow is roughly a uniform flow field. 
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Turbulent Intensit i es and Shear 8trm «< 

The rms ingenuity for the axial component of ve- 
locity along the centerline of tne let for each of 
the three case* l* shown in Figure IS, along with the 
renults (data represented by a solid line) of flutmark 
and Wyqnanski (l*U for a planar jet, The rm* inten- 
eity ie normalised with respect to the mean axial ve- 
locity at the exit rather than with the local mean 
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Fig. 12 The Variation of the rms Value of the Axial 
Component of Velocity Alonq the Centerline 
of the Jet 


centerline velocity. The rms values are almost iden- 
tical in all the three cases for X less than 40b. 

Per X greater then 4 On, the values are almost identi- 
cal for the multiple free and confined lets, with mag- 
nitudes less than that of a single free let. This 
substantial reduction in magnitude is the result of a 
mutual interaction between the adjacent lets, The re- 
sults for a planar let au shown for purposes o* com- 
parison and exhibit valuer, higher than that of the 
single rectangular let. It is felt that this differ- 
ence can he attributed to different initial conditions 
in the two experiments. 

We have observed that the values of v ttn8 and u^g 
ai&ng the centerline have variations similar to u rmB , 
For X greater than Mb we have found v rmg * w rmR a d.d 
u rms for t,u ' case of the multiple free let and 
v rms a d,B0 u rm8 and w rme - 0,83 u^g for the ease of 
the confined multiple let, which suggest isotropy 
along the centerline of the let, 

Figure 13 presents the profiles for u(u tr , B /P c ) 
in the X,Y plane for the case of the multiple free lot 
and for different downstream locations. Profiles for 
X less than 20b are almost identical to a single free 
jet when compared at appropriate location*. For x 
greater than or equal to GOD, the profiles become flat 



Pig. 1.3 The Distribution of Axial Velocity Fluctuation 
in the X, V Plane of a Multiple Free Jet 


just as the Man velocity profiles. It was also found 
that the profiles of v and w for X grsatsr than or 
aqua! to 600 ars flat and squat in magnitude with u at 
thsir corresponding locations, This again suggest* 
isotropy in ths central X,Y plans. 

To further examine the degree of isotropy in the 
central X.Y plane, the normalised turbulent shear 
stress 39 for different downstream locations are 
plotted in Figure 14. For x equal to 20b, the profile 
ie quite similar to that o'/ a single jet. For X 



Pig. 14 The Distribution of the Turbulent Shear 

Stress in the X,V Plane of a Multiple Free dev 

greater than GOD, the normalized stress is quite small 
in contrast to a single jet where it varies only 
slightly with downstream distance. The normalized tur- 
bulent shear stress uw in the >, Y plane is found to be 
negligible for all downstream stations studied, 

similar observations were also made in the case 
of the confined multiple jet configuration. Reference 
to these measurements can be found in the report by 
Krothapalli ID . 

The profiles of u in X,2 plane, for the ease of 
multiple free 1c to, and for various downstream loca- 
tions covering up to 1000 are shown in Figure 15, For 
X less than 40b, the profiles are similar to those for 



Fig. 15 The Distribution of Axial Velocity Fluctuation 
in the x,s Plane of a Multiple Free det 

a single free jet. For X greater than or equal to GOD, 
the profiles develop a pronounced saddle shape as shown 
in the figure. The appearance of a saddle shape pro- 
file in a jet usually indicates the end Of the poten- 
tial core. With this in mind, one may conclude that 
the flow field appears as though it is emerging from a 
single tw<* -dimensional slot with the width of the slot 
being the long dimension of the lobe. The shaded re- 
gion in Figure 3 was drawn to represent a pseudo- 
potential core for this equivalent two-dimensional jet 
which ends at X equal to about GOD. 


The profile* of u in th# central X,Z plane, in 
th# case of th# confined multiple jut, for different 
downstream location*, are shewn in Figure 16. The 



Pig. 16 The Distribution of Axial Velocity Fluctuation 
in the X,?, Plane of a Confined Multiple Jet 

distance along the S axis is normalized with respect 
to the width 0. Profiles for X lea* than 20n are al* 
most identical to those of a multiple free jet when 
compared at corresponding locations. Unlike the pre- 
vious case, a very mrld saddle shape profile is devel- 
oped at X equal to OOP, and the profile is nearly uni- 
form. Further flattening occurs for location* X 
greater than 600. This observation along with the 
corresponding profiles in x, Y plane suggest that the 
field of turbulence is quite homogeneous. 

Wo have observed that the profiles of v and w 
are also uniform for X greater than «0D, with the val- 
ues v * O.SBu, an i w » 0.83u. Judging from these re- 
sults one can conclude that the flow field in the 
channel for X greater than 60D is nearly homogeneous 
and isotropic in structure. The flow field for the 
center three lets thus have characteristics quite sim- 
ilar to that of a flow generated by a grid. 

The normalized turbulent shear stress uw in the 
central X,?, plane, in the case of the multiple free 
jet are plotted in Figure 1?, At each location X, the 



Fig. 17 The Distribution of the Turbulent Shear Stress 
in the X,S Plane of a Multiple Free Jet 

point of maximum shear stress corresponds to the point 
where the velocity gradient (3u/3S) and turbulent in- 
tensities are maximum. We again found, when compared 
with that of a single free jet, that the value# of 38 
for X greater than 400 are less at corresponding loca- 
tions. In addition, the magnitudes of uv are negligi- 
ble in the central X,2 plane. __ 

The normalized turbulent shear stress uw in the 
x,z plane, in the case of a confined multiple jet, for 
various downstream locations are shown in Figure 18. 



Fig. is The Distribution of th* Turbulent Shear Stress 
in th* X,2 Plan* of * Confined Multiple j*t 

Th* value* of (55 in th* present case ar* lower than 
the** for th* multiple free jet at corresponding loca- 
tion*. The value* of aO/ug aero** th* j*t for X equal 
tc JOOD *r# very email (of th* order of 0.QO3), like- 
wise, the magnitude* of <19 in X,2 pla t* ar* found to 
be very small. 

The** results along with mean velocities and tur- 
bulent intensities in both X,Y and X,2 plan** suggest* 
that the flow field is nearly homogeneous and isotropic 
in the channel for X greater than 60D, 

CONCLUSIONS 

In the case of a single rectangular jet, the flow 
is characterized by the presence of three distinct re- 
gions when the decay of the square of the axial mean 
velocity is used to describe the flow field. These re- 
gions met the potential core region, a two-dimensional 
type region and an ax i symmetric region. 

For the case of a ventilated array of rectangular 
jets having a spacing of 80 the following obssrvations 
are made. Because the individual jets act quite inde- 
pendently of each other near the nozzle exit, the 
point at which the individual jets begin to merge can 
be estimated from data on the growth rate of a single 
jet. Far downstream the flow field appears as if it is 
emerging from a single two-dimensional slot with the 
width of the slot being th# long dimension of a single 
lobe. The mutual interaction between the jets results 
in a lower turbulence level when compared to a single 
jet at corresponding location*. 

For the case of the confined multiply jet with a 
separation distance between the plates of 1.5L, the 
following observations are made. The flow field in the 
central x,Y plane (plane of the array) was little ef- 
fected by the presence of the plate* and the mean veloc- 
ity profiles look very much similar to that of the mul- 
tiple free jet at corresponding locations. For X 
greater than 600, the mean velocity profiles are uni- 
form across the lobes (in the X,Y plane) as in th# pre- 
vious case, and in addition the profiles are uniform 
across the jet in the X,2 plane. The field of turbu- 
lence for X greater than 600 was found to be uniform and 
isotropic in structure. From these observation# one 
may conclude that the flow field, for the configuration 
under study, and for X greater than 60D, is nearly homo- 
geneous and isotropic. 
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